The LHC is now exploring the 1-3 TeV scale where resonances of the Electroweak Symmetry Breaking Sector might exist. If so, Unitarized Effective Theory can be used to describe the data with all the constraints of unitarity, causality and global-symmetry breaking, and to find the resonance positions in the complex s-plane. From any resonances found, one can infer the parameters of the universal Effective Lagrangian, and those may be used to inform higher-energy theories (UV completions) that can be matched to it. We exemplify with two-body resonances in the coupled channels hh and W L W L − Z L Z L employing the Equivalence Theorem and comment on the apparent excess in the ATLAS dijet data at 2 TeV.
Non-linear EFT for W L W L and hh
The LHC has found a scalar boson with m h = 125 GeV and not much more. It is natural to describe the Electroweak Symmetry Breaking Sector of the Standard Model (SM) in terms of the low-energy spectrum alone. The resulting effective Lagrangian for the Higgs-like particle h and the longitudinal gauge bosons W L , Z L ∼ ω a in the non-linear representation appropriate for the global symmetry breaking scheme SU (2) × SU (2) → SU (2) c (leaving the approximate custodial subgroup as a good isospin symmetry) is as given by us [1] , the Barcelona group [2] and others [3, 4, 5] ,
The parameters of this Lagrangian, neglecting the masses of all quasiGoldstone bosons ω a and of the Higgs h, adequate to explore the energy region 1-3 TeV 100 GeV, are seven. Their status is given in table 1. Table 1 : From the ATLAS and CMS reported [6] hW W , hZZ couplings one can infer the approximate constraint shown on a at 2σ level (a recent communication to the LHCP2015 conf. finds similar results [9] ). In our recent work [7, 8] on unitarized perturbation theory we could also put a coarse constraint on b due to the absence of a coupled-channel resonance in hh − ωω (the second channel is visible while the first is much harder). Basically no bounds have been reported on the NLO parameters: their SM value is zero.
We emphasize that with seven parameters, this is a reasonably manageable Lagrangian for LHC exploration of electroweak symmetry breaking, granted, under the approximation of M W M Z m h 0 which is fair enough in the TeV region, and this is in contrast to the very large parameter space of the fully fledged effective theory [3] .
The perturbative scattering amplitudes
(s) . . . for ωω and hh, projected into partial waves, are given to NLO in [7] . For example, the LO amplitudes of I = 0, 1 and 2, proportional to (1 − a 2 ), and the channel-coupling amplitude ωω → hh, to (a 2 − b),
show how a tiny separation of the parameters from the SM value leads to an energy-growing, eventually strongly interacting set of amplitudes.
Including the NLO, these amplitudes take a form characteristic of chiral perturbation theory
with a left cut carried by the Ds 2 log s term, a right cut in the Es 2 log(−s) term, and the Ks + Bs 2 tree-level polynomial. B, D and E have been calculated, reported in [7] and allow for perturbative renormalizability, where the chiral counterterms contained in B absorb one-loop divergences from iterating the tree-level Lagrangian and run to make Eq. (2) 
Resonances
On the other hand, if the LHC finds new resonances that couple to two longitudinal gauge bosons (and potentially also to two Higgs bosons), then a purely perturbative approach is inadequate. A deffect of the amplitudes in Eq. (2) is that they violate the unitarity relation ImA IJ = |A IJ | 2 , which is satisfied only order by order in perturbation theory, namely ImA
This introduces an error which is only acceptably small when s is much smaller than the mass of the first resonance in the IJ channel. But of course, since near resonances the imaginary part of the amplitude is large, the effective theory is of no use there. The solution is sometimes called Unitarized Effective Theory and is described in subsection (2.1).
Unitarization
Unitarization of effective theory amplitudes is a technique well-known [10] in hadron physics that we describe only briefly. It is possible because scattering amplitudes in field theory are very constrained functions due to Lorentz invariance, causality and unitarity. Dispersion relations, known from old in optics, are a way of incorporating all the constraints [11] leaving little freedom to determine the amplitudes, though they remain ambiguous Table 2 : Channels where each unitarization method can currently be used. To fully obtain them though, one needs a few key numbers which are provided by the effective theory at low-energy (see the lectures [12] for an introduction). This powerful method of combining dispersion relations with effective theory, which basically exhausts all underlying-model independent information in the experimental data for two-body channels, was deployed for the electroweak symmetry breaking sector early on [13] . Usually the resulting amplitudes for W L W L ∼ ωω scattering are encoded in simple algebraic forms that avoid the complications of the dispersion relations, such as the K-matrix [4] that introduce a small amount of model dependence in the discussion.
To address this, we have compared [7] three unitarization methods that agree in predicting the same resonances at the same positions within 1 to 10% when all three can be used. These are the Inverse Amplitude Method, the N/D method, and an improved version of the K-matrix method that ensures complex-plane analyticity where appropriate. Table 2 shows the IJ channels where each one is currently applicable in the Electroweak sector.
As an example, consider the Inverse Amplitude Method. In its simplest form it requires two orders of the perturbative expansion, that are combined in the following simple formula,
To obtain it, one realizes that a dispersion relation for A(s) may be exact but of little use because of insufficient low-energy information. On the contrary, a dispersion relation for the perturbative A (LO) + A (N LO) can be fully studied, but it is trivial because the perturbative amplitude is known everywhere. The trick is to write one for A (LO) 2 A −1 (hence the name "Inverse Amplitude Method") because the integral over the right, unitarity cut of 1/A is exactly calculable when only two-body channels are important. The result is the formula in Eq. (3). Its generalization to two (massless) channels is straightforward by turning the quantities therein into matrices, each element being an elastic ωω → ωω, hh → hh or a cross-channel ωω → hh amplitude. In figure 1 we show the IAM and also the other two methods with NLO parameters set to 0 at a scale of µ = 3 TeV and with 
ATLAS excess in two-jet events
The interest in TeV-scale resonances has recently rekindled because of an apparent excess in ATLAS data [14] plotted in figure 2 together with comparable, older CMS data [16] that does not show such an enhancement.
The excess is seen in two-jet events, each one containing the entire debris of a respective gauge boson. Their invariant mass reconstruction allows the assignment of a W or of a Z tag (82 and 91 GeV respectively) but the experimental error makes the identification loose, so that the threechannels cross-feed and we should not take seriously the excess to be seen in all three yet. Because W Z is a charged channel, an I = 0 resonance cannot decay there. Likewise ZZ cannot come from an I = 1 resonance because the corresponding Clebsch-Gordan coefficient 1010|10 vanishes. A combination of both isoscalar and isovector could explain all three signals simultaneously, as would also an isotensor I = 2 resonance. In the isotensor case, the resonance should be visible in the doubly charged channel W + W + Figure 2 : Left: rerendering of the ATLAS data [14] for W Z → 2 jet in pp collisions at the LHC, that shows a slight excess at 2 TeV (same in the other isospin combinations W W and ZZ, not shown). Right: CMS data [16] in the same 2-jet channel with jets tagged as vector bosons. Here the collaboration provides the absolute normalization of the cross-section. No excess is visible at 2 TeV (if at all, a tiny one at 1.8-1.9 TeV).
whereas not in the other (to tag the charge requires to study leptonic decays instead of jets, so it is a whole other measurement, but worth carrying out).
Numerous models have been proposed to explain the presumed excess, but the model-independent information is still sparse [15] .
One statement that we can make, based on the so-called KSFR relation that the IAM naturally incorporates (as do broad classes of theories such as Composite Higgs models [17] with vector resonances [18] ), is that if a ρ-like isovector resonance is in the ATLAS data, it will be quite narrower than the bump seen (perhaps broadened due to experimental resolution). The relation, given here in the absence of further channels [8] , links the mass and width of the isovector resonance with the low-energy constants v and a in a quite striking manner,
For M ∼ 2 TeV and Γ ∼ 0.2 TeV as obtained by rule of thumb in fig. 2 , one gets a ∼ 0.73 which is in tension with the ATLAS-deduced bound a| 2σ > 0.88 at 4-5σ level; Eq. (4) predicts that an isovector W L W L resonance at 2 TeV, with present understanding of the low-energy constants, needs to have a width of order 50 GeV at most.
IAM parameter map
At last, we map out part of the seven-parameter space in search for resonances at 2 TeV that can be brought to bear on the new ATLAS data. For a < 1 the scalar-isoscalar channel can be resonant from the LO Lagrangian alone (generating a σ-like resonance that was described in [1] ). In fact, even for a = 1, there is a resonance generated for large enough b that oscillates between the ωω and hh, a "pinball" resonance, reported in [7] . This can be seen in the left plot of figure 3 , where, for a < 1 so that (1 − a 2 ) > 1 there is a pole in the second Riemann sheet.
The isoscalar wave resonates for a broad swipe of ab parameter space, and near 2 TeV (the thin band), though the structure is generally broad, and feeds the W W and ZZ channels seen in the ATLAS data. In that case, the charged W Z experimental excess must be ascribed to misidentification of one of the two bosons, since an isoscalar resonance is of necessity neutral.
For a > 1 an isotensor resonance exists (see again fig. 3 , bottom plot). This is possible for a > 1 (light gray band marked "LHC compatible") as the LO amplitude in Eq. (2) becomes attractive. Of course, for this negative sign of (1 − a 2 ), as seen in Eq. (2), the usual roles of the isoscalar and isotensor waves are reversed, with the first now being repulsive.
In a narrow curved strip (middle gray, immersed in that band) this resonance appears at about 2 TeV and can decay to all of W W , W Z and ZZ charge-channels. The darkest area corresponds here to "LHC ruled out" and means that the resonance is light and might already be excluded.
We need to make sure that the other waves don't present causalityviolating poles in the first Riemann sheet that rule out a certain parameter region. Returning to figure 3 we see that the isovector wave indeed violates causality for much of the parameter space where the isotensor resonance exists, though there are perhaps small patches where the isotensor resonance is still allowed, for not too large values of b. Since this allowed parameter space is so small and because, even if the isotensor resonance were there its production cross-section would be smaller (requiring two intermediate W bosons) than the production of an isovector one as reported in [19] , we proceed to the NLO amplitude.
We likewise look for poles in the complex s plane as function of the a 4 , a 5 parameters with fixed a = 0.95 and b = 1, as shown in fig. 4 . The bottom plot shows how a large swath of parameter space towards negative a 4 is excluded by displaying a pole in the first Riemann sheet of the 20 channel. Because here we chose a < 1, this channel does not resonate in the second sheet, whereas the scalar one (left, top plot) does, as well as the 11 channel (that is seen, by comparing with fig. 3 , to present "intrinsic" resonances driven by the NLO counterterms).
The two diagonal bands in the 00 and 11 channels that support poles at around 2 TeV intersect for slightly negative a 5 and a 4 of order 5 × 10 −4 . There, we find both isoscalar and isovector poles, that jointly could explain all of the extant W W , W Z and ZZ excesses in two-jet data.
Conclusion
The LHC is now taking data at 13 TeV and production cross-sections sizeably increase. This is necessary as the typical σ for ωω resonances are currently at or below the LHC sensitivity limit as shown in fig. 5 . The large rate at which a resonance would have to be produced to explain the ATLAS excess is a bit puzzling.
We hope that this ATLAS excess will soon be confirmed or refuted. In any case, the combination of effective theory and unitarity, as encoded for example in the IAM, is a powerful tool to describe data up to 3 TeV of energy in the electroweak sector if new, strongly interacting phenomena 
